Our objective was to study molecular processes that might be responsible for inert gas narcosis and high-pressure nervous syndrome. The classical molecular dynamics trajectories (200 ns-long) of dioleoylphosphatidylcholine (DOPC) bilayers simulated by the Berger force field were evaluated for water and the atomic distribution of noble gases around DOPC molecules at a pressure range of 1 -1000 bar and temperature of 310 Kelvin. Xenon and argon have been tested as model gases for general anesthetics, and neon has been investigated for distortions that are potentially responsible for neurological tremor at hyperbaric conditions. The analysis of stacked radial pair distribution functions of DOPC headgroup atoms revealed the explicit solvation potential of gas molecules, which correlates with their dimensions. The orientational dynamics of water molecules at the biomolecular interface should be considered as an influential factor; while excessive solvation effects appearing in the lumen of membrane-embedded ion channels could be a possible cause of
Introduction
The limits of physiological adaptation by living organisms to hyperbaric aquatic environments is largely an unsolved mystery, despite the rapidly growing body of theoretical and experimental knowledge about the effects of hyperbaric gases and hydrostatic pressure per se at all meaningful scales, from biomolecular complexes to entire organisms 1, 2 . Among the broad spectrum of potentially harmful factors, such as hyperbaric oxygen, and especially in hypercapnic conditions, the most intriguing aspect is the problem of the narcotic potency of noble gases and also their relevance to medical applications 3 . If one further considers the diminishing effect of anesthesia as hydrostatic pressure increases, and the development of so-called high pressure nervous syndrome (HPNS), the possibility emerges that these phenomena are somehow interdependent and could be explored on some common basis 4 .
The physical conditions determining inert gas narcosis (IGN) and its symptoms have been well described in many sources 3, 5 . According to the most common definition, gases become narcotic when their partial pressure exceeds 4 bar, depending on collateral circumstances such as body fat fraction, CO 2 retention, temperature etc. The narcotic potency of noble gases directly correlates with their atomic weight and the size of the respective gas atoms. According to these properties, the anesthetic row would be as follows:
Xe(54)>Kr (36) >Ar (18)>Ne(10)>He(2) (the atomic number is in parentheses). Xenon, the most potent anesthetic, reveals its effect even at normobaric pressure, which makes it an intriguing medical agent for its neuroprotective characteristics 6 . On the other hand, neon's narcotic potency is questionable, while helium has no reported narcotic tendency -at least in physiologically reasonable pressure ranges. In this regard, it would be logical to assume the existence of a dynamic narcotic threshold moving towards the lighter gases (i.e. smaller gas atoms) as the concentration of solvated gas increases along with hydrostatic pressure, while pressure per se and gases below the threshold would have an antagonistic neutralizing effect on anesthetic sedative action.
Unlike anesthesia, HPNS is characterized by increased excitability of the central nervous system (CNS) and cognitive impairment involving memory disorders. HPNS has been reported in humans at pressures >10 bar and is mostly connected with the compressive effect of helium in a breathing mixture; its severity additionally depends on the rate of compression 7 . In species that breathe in a gaseous environment, it is hard to discriminate between the effects of saturated gases, especially helium (cf. helium tremors -the other term describing HPNS), and the effects of high hydrostatic pressure (HHP) per se. Little is known of the neurological effects of pressure among free-diving mammals that are well adapted to extremely high pressures and are able to withstand these without visible harm 8 .
Worth noting is that the current no-limits apnea (NLT) free diving record for a human being is 214 meters of seawater (msw), a depth of 701 msw has been achieved at dry pressurized habitat while breathing a hydrogen-helium-oxygen (hydreliox) gas mixture 9,1 . As neurological data for totally immersed dogs that breathed pressureoxygenated salt solutions at 8 bar are also not available 10 , the hyperbaric effects of helium are frequently reported as a pressure effect (this might be a misleading simplification).
The theories of gaseous anesthetics originated at the end of the 19th century, and suggested different focuses and mechanisms for anesthetic agents; Meyer-Overton indicated the lipid phases as the main loci, and Paulling discussed hydrate formation at the water- The aforementioned non-polarizable Berger FF applied in this research, although deviating from experiments (e.g., regarding partition coefficients for ethanol 19 ), images mostly qualitative changes in the bilayer that might be associated with IGN and HPNS.
It was chosen to be applicable because it was especially able to reproduce lipid order parameters with high precision, and natural lipid packing at zero surface tension. The gas distribution along bilayers at different pressure values, as the most important parameters possibly relevant for inducing IGN and HPNS, was calculated by means of a series of radial distribution functions (RDF). The lipid order parameter was estimated for both acyl chains of the DOPC molecule as a function of ambient hydrostatic pressure.
The water distribution was analyzed in the headgroup atoms, as well as the bilayer thickness and area.
Methods
The fully hydrated lipid bilayer consisting of 288 pre-equilibrated DOPC molecules in a cubic box was solvated with 11 208 water molecules at a starting point. The extended simple point charge (SPC) water model was used and periodic boundary conditions (PBC) were employed. In all deployed systems, the gas concentration was constant, with the aim of ascertaining pure pressure effects and assuming a completely saturated bilayer; 888 solvent molecules were randomly replaced by gas atoms. The bilayer exposed to pure solvent was tested as a reference system. The gas atoms were treated as simple Lennard-Jones (LJ) sites with interaction parameters as follows: for xenon ε=1.900 kJ mol 
Results and discussion
Starting the discussion with the pressure effects on biomolecules and lipids in particular, the issues to be addressed are (1) 27 . Simple LJ systems reveal many of the complex features observed experimentally for which the bond length changes are inferred by Raman peak shifts upon an applied uniform pressure in the 1 kbar range 28 . Accordingly, the DOPC bilayer density was evaluated in a simulation box at the same pressure range.
Lipid bilayer thickness and rate of gas diffusion
The average values for the densities of stacked DOPC atoms assigned as bilayer thickness profiles were sampled over every 1ns experiments -assuming a constant number of gas molecules in the box, resulting in reduced density in the bulk solution as the gas molecules diffuse into the bilayer; this is not the case in physiological experiments, whilst a continuous gas inflow would significantly affect gas dynamics at the bilayer vicinity, especially for xenon molecules, when excessive gas crowding in the headgroup region can be an influential parameter.
Water orientational properties and water-gas density distributions
The solvent density profile in the vicinity of lipids must clearly and directly depend on its unique orientational properties at the membrane boundary. The first rank order parameters of water (the average cosine of the angle between the water dipole and membrane normal) was found to be distance-dependent on membrane normal projection of DMPC bilayers by Lyubartsev et al. 29 . The strongest electrostatic field at the lipid-water interface was caused by the charges at the N and P groups, which in turn cause preferential orientation of water dipoles. The distorted orientation of water molecules obviously helps their penetration into bilayers, as was
shown by X-ray scattering experiments 30 . Deep in the membrane interior, the velocities of water molecules can exceed even those in the bulk solvent, and they undergo large-scale fluctuations 31 .
Water dipole cosine values are shown in Fig .
Being only slightly distorted by HHP, the water structure evolves around the guest molecules that are trapped (enclathrated) inside Hbonded water cages with complex geometrical shapes 35, 36 . Xe clathrates are thought to be thermodynamically more stable than Ar clathrates at high pressures and temperatures 37 . Neon apparently forms ice-based hydrate rather than classic clathrate cages at 10 -10 4 bar pressure ranges 38, 39 . Although it is widely recognized that hydrates do not form at physiological conditions, the effect of noble gases on the lipid membrane-water interface as the first locus of general anesthetic effects might be significant 11, 12 The data (which are referenced to gas and water (SOL) density plots and presented in Fig. 2B ) indicate gas accumulation within the central gap between the two monolayers, while Ne-saturated solvent at 1000 bar and at 1 bar are two asymptotic curves confining the limits of a bulk solvent distribution. Gas density peaks are also characterized by different pressure response, with Ne showing the highest peak reduction at 1000 bar. HHP does not significantly affect gas partitioning within bilayers, which is unlikely to be a cause for anesthesia reversal, as has already been stated by Griepernau et al. 57 Fatty acids in the lipid bilayer have been described as possible binding sites for general anesthetics 58 . The affinity of noble gases for the highly hydrophobic environment of biomolecular complexes is well supported by other experimental and molecular simulations works 13, 21, 23, 55 .
Given density data on mutual lipids and gas-water distributions, some conclusions can be made concerning the relevance of indirect mechanisms of anesthesia on IGN. Indirect mechanisms usually attributed to lateral pressure (LP) profiles 59 and LP fluctuations might be directly related to anesthetic mass density peaks within bilayers 60 . The moderate LP changes in DOPC saturated by xenon at standard conditions have been observed by Booker et al. 23 , and could be entirely associated with assumed very high concentrations of gas atoms in the simulation box, and might possibly be complete artefacts. The gases lack explicit interfacial affinity, as in the -OH hydroxyl groups in alkanols, and are indeed unable to cause sharp LP profile change, measured in hundreds of bar in the range of a few nm 61 . Moreover, non-immobilizer Ne must disturb the LP profile as much as Xe does (with some shift on Z dimension, however), according to their similar DOPC density profiles at standard conditions, therefore an indirect mechanism looks questionable from this perspective. 
Area per lipid
The swelling of gas-saturated lipid membrane is another well-known phenomenon that is also observed on molecular simulation of a small 
Lipid head group tilt angle
The average angle between the lipid dipole vector (P-N dipole vectors in the DOPC headgroups) and the bilayer normal defined as a tilt, was calculated in VMD 43 for all sampled trajectories, using a locally developed Tool Command Language script. The data in Table 2 for tilt angles and their standard deviations at 1 bar and 1000 bar depict no visible headgroup inclination; the stabilization is persistent around 90°. Significant deviation from this value has been reported for ionized solutions of monovalent salts, when the ions come in contact with charged phosphate groups 53 ; neutral atoms of noble gases and HHP per se do not have this effect.
Lipid headgroup-water radial distribution functions
The effect of the level of hydration on lipids' fundamental properties, such as the order parameter and area per lipid, in turn affects the mechanical properties of the membrane and its phase behavior, as reported in numerous works 40, 41 . In our analysis of lipid hydration, the explored limit of solvation was extended only up to O 20 of glycerol group (Fig. 3) .
Separated RDFs for water-lipid atom pairs of a headgroup were calculated with the Gromacs g_rdf tool and were used for estimating the water coordination numbers in the first coordination shell of DOPC atoms. The RDF gives the local density of species B around species A relative to the average density according to Formula 1: Two immediate conclusions can be drawn from the curve patterns in 
Lipid-gas radial distribution functions
The RDFs of gas-lipid atom pairs have been used for analyzing the gas phase layout within lipid bilayers. Assuming that the gas concentration gradient is normal to the bilayer plane, we ignored at this point possible lateral gas inhomogeneity being focused on pressure effects on oversaturated bilayers. Although the DOPC Sn 2 chain presents slightly higher values than Sn 1 , as it is easier to reach higher gas gradients from C 21'' -C 37'' than for Sn 1 , the RDF values at the two acyl chains (having similar slope patterns) were averaged and their integral value presented as shown in Figure 6 as gas coordination numbers for Ne and Xe at 1 and 1000 bar.
The undulations rate coefficients of DOPC molecules in the z- Table 3 . Given reduced Ne density in lipids intermolecular voids and considering Ne kinetics, the implication is that the highest momentum impact per DOPC molecule in the z-direction from a gas-filled cavity upon bulk solvent at standard conditions results in an irregular lipid boundary, as described in Figure 1A . 
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DOPC saturated with Ne (red line) and Xe (black line) at 1bar (dark error bars) and 1000 bars (light error bars).
The RDFs of gas-DOPC atoms N 4 , P 8 , O 18 and C 37 are shown in Consequently, the order parameter changes in highly hydrophobic regions have only marginal anesthetic effects, especially considering the fact that non-anesthetic neon has the highest ordering influence at 1 bar. A strong ordering effect by helium, for example, was described by Trudell et al. 52 ; on the other hand, the importance of the different hydration potencies of the three gases tested is in agreement with the results of other works, and points to a hydrophilic head as the main focus for general anesthetic processes.
Neurophysiology of HHP effects and inert gas narcosis
The simulation of a small patch of lipid membrane with a simple non-polarizable force field is unable to reveal the entire complexity of anesthetic and high-pressure neurophysiological phenomena.
However, it makes it possible to discriminate between the anesthetic gases Xe and Ar, the non-anesthetic Ne (alluding to He and He tremor at HHP), and HHP per se, and thus eventually to draw connections to the fundamental physiology of CNS. Based on the latest data available, gaseous general anesthesia could be described as a series of macromolecular events including sharp LP perturbation within the bilayer and inflation of highly hydrophobic cavities within the embedded transmembrane protein ion channel 13, 59, 64 . Water molecules play a key role in ionic conductivity, enabling ionic passage through the channel, and should be considered explicitly in analysis of these events 65 
Conclusions
The following conclusions can be made on the basis of our findings and within the limitations of the sampling methodology applied.
Water, which is a highly ordered incompressible fluid, possesses a large spectrum of molecular orientation properties that can be 
